In the present work, micro-protruded patterns on flush mounted heat sinks for convective heat transfer enhancement are investigated and a novel methodology for thermal optimization is proposed. Patterned heat sinks are experimentally characterized in fully turbulent regime, and the role played by geometrical parameters and fluid dynamic scales are discussed. A methodology specifically suited for micro-protruded patterns optimization is designed, leading to 73 % enhancement in thermal performance respect to commercially available heat sinks, at fixed costs. This work is expected to introduce a new methodological approach for a more systematic and efficient development of solutions for electronics cooling.
experiments

Introduction and motivations
The performance of electronic devices steadily grows with time according to the popular Moore's law, which states that the number of transistors in a dense integrated circuit doubles approximately every two years [1] . Consequently, heat fluxes to be dissipated in those devices progressively increase.
The need for solutions able to deal with such high heat fluxes has motivated the investigation of a huge variety of methods and technologies for heat transfer enhancement [2] . Solutions based on liquid [3] and two-phase [4, 5] flows have been proved to be effective in dissipating large heat fluxes.
Nevertheless, cooling strategies based on air are expected to remain a rather convenient and popular approach for a wide class of electronic devices (e.g. notebook computers, portable devices) in the next future, due to their low cost and reliability. However, the efficiency of these solutions needs to be continuously improved, in order to meet the increasing thermal requirements of next generation electronic devices [6, 7] .
Novel solutions have been proposed, like innovative pin fin arrays with unusual [8] or non-uniform geometries [9] , metal foams [10] , dimpled surfaces [11, 12, 13] , porous media [14] , micro-protruded patterns [15, 16] , artificial scale-roughness [17, 18] and carbon nanotube based structures [19] .
In particular, heat sinks with either micro-protruded patterns or artificial scale-roughness show significant heat transfer augmentation [15, 18] .
Recently, the authors of this work investigated several solutions based on both rough surfaces (manufactured by selective laser melting -SLM, also known as direct metal laser sintering -DMLS [20, 21] ), and on patterns of micro-structures (manufactured by laser-etching [22] ) for enhancing convective heat transfer.
This work is focused on diamond shaped micro-protruded patterns, which are investigated as a promising method to enhance heat transfer performances of flush mounted heat sinks. More specifically, a systematic procedure based on design of experiments approach is proposed to:
Investigate the convective heat transfer phenomenon, in order to understand, interpret and describe the effect of geometrical parameters and fluid dynamic scales on heat transfer; Design a novel methodology suitable for a reliable and automatic thermal optimization of micro-protruded patterns.
The paper is organized as follows. In Section 2, different diamond protruded patterns are rationally designed by taking advantage of the design of experiments approach. In Section 3, the experimental setup used to test the diamond protruded patterns is described. In Section 4, the results of experimental characterization are reported and a mathematical model describing the influence of geometrical parameters and flow regimes on thermal transmittance of diamond protruded patterns is developed. In Section 5, the thermal fluid dynamics features of diamond micro-protruded patterns for heat sinks are discussed, and a novel optimization methodology proposed.
Finally, in Section 6, conclusions and perspectives are reported.
Design of experiments
To obtain an independent benchmark of data, nine copper samples, each A DPP is fully determined by 3 geometrical independent degrees of freedom (DoF). There are no constrains in choosing the DoF to use for the design, except for their property of independence. As an example, given the height of the protrusion H, the base edge of the protrusion d, the pitch between neighboring protrusions p (see Fig. 1 ), the number of protrusions N and s = p − d, a possible choice for the 3 DoF could be {H, p, d}. However, the use of dimensionless parameters is preferable, as they typically ensure a wider generality of results.
In previous studies on heat transfer through protruded patterns, the ratios between characteristic geometrical lengths have been adopted as governing parameters for the measured thermal performances. For example, Garimella et al. [24] chose the ratios between (i) spacing and protrusions height and (ii) channel height and protrusions height as significant parameters for charac- terizing heat transfer phenomenon in arrays of protruding elements. Leung et al [25] , instead, chose the ratio between base length and height of protrusions, as well as the ratio between channel height and protrusions height as characterizing parameters.
In this work, to design our test matrix, a novel set of geometrical dimensionless parameters is considered. The investigation of those specific parameters is proved to be suitable in developing a novel methodology for the thermal optimization of micro-protruded patterns for heat sinks. In this context, we consider as optimal configuration the one ensuring the maximum thermal transmittance, at fixed amount of material needed to manufacture the micro-protrusions. In fact, the amount of used material is a suitable production cost indicator for most of the "not subtractive" manufacturing technologies, both traditional (e.g. extrusion) and innovative (e.g. additive manufacturing, SLM) ones. In other words, optimal configuration is intended to be the one that guarantees the maximum thermal performance per unit of production costs. Parameters investigated in this study are:
Plane solidity (or plan area density) λ p , defined as the fraction of the root surface area (i.e. in our case A n = 11.1 2 mm 2 = 123 mm 2 ) covered by protrusions (see Fig. 1 , top view). This parameter expresses the pattern density, and it ranges from 0 to 1; Low values of λ p refer to sparse patterns, whilst high values denote dense patterns (see also Fig. 2 in ref. [26] ).
Enhancement ratio in convective heat transfer surface area A/A n , where
A is the sample area, which is defined as the sum of root surface area and protrusions surface area, namely A = A n + 4dHN . is not the only mixed length analyzed in this study. In the following, the importance of the dimensionless protrusion height H/Y 0 is also discussed.
This parameter represents the ratio between protrusion height and boundary layer thickness, and it quantifies the penetration of protrusions into the boundary layer. In the following, we refer to the three parameters defined above as model parameters, because they are expected to significantly affect both the thermal transmittance of the heat sink T r [26] , but it has been demonstrated to be very effective in describing interactions between fluid dynamics structures and micro-structures in a macroscopic channel too [21] . The A/A n parameter is considered because heat flux, thus T r, is strongly affected by the surface area involved in the heat transfer phenomenon. Since these two parameters are not directly linked to the production cost parameter (V ), a third parameter
The three model parameter described above can be expressed as function of the geometrical parameters {H, p, d} as:
These equations are valid under the assumption that the number of protrusions N can be expressed as:
Obviously, the model parameters have a physical meaning only if:
Any existing DPP is fully determined by defining all components of the
. In this study the tested DPPs are designed taking advantage of the Design Of Experiments (DOE) approach. In particular, a Taguchi (or L9 orthogonal arrays) based, 3 levels-3 factors, fractional DOE is applied [28] . Each parameter (or factor) can assume three possible values (or levels), namely low (1), medium (2) or high (3), as listed in Table 1 . Therefore, once the levels per each parameters have been defined, the geometry of the nine DPPs to be tested is determined according to the test matrix proposed in ref. [28] and reported in Table 2 .
Due to the rough tolerances of the milling process, the actual parameters of the samples are slightly different from the design values reported in Table   1 : in Table 3 , the model parameters and the extra geometrical quantities are reported for each sample. Fig. 2 shows how all samples are located in It is worth to provide more details on the calculation of Y 0 . The average viscous length Y 0 can be defined as:
As demonstrated in [21] , in case of smooth pipe turbulent flow, viscous length y 0 depends on the hydraulic diameter based Reynolds number Re D = uD/ν as:
where
is the friction factor expressed by the phenomenological correlation proposed by Blasius [29] , u is the average fluid velocity, D is the hydraulic diameter, and ν is the fluid kinematic viscosity. (a) 
Experimental setup
An open loop wind tunnel with cross section of 228 mm × 158 mm is used to control the flow field. An anemometer is used to measure the air velocity 
Experimental characterization and data reduction
In this section, the experimental thermal characterization of all samples is provided. Moreover, the experimental results are compared to the model obtained by data reduction analysis.
The measured velocity u ax is used to calculate the Reynolds number 1.0162 , as demonstrated elsewhere [23] . In particular, for flush mounted heat sinks the use of heated edge instead of the hydraulic diameter as characteristic length scale has been proved to be more effective [30, 31] . Consequently, Heat transfer performance of each sample is reported as function of the heated edge, average velocity based Reynolds number: [21] . In particular, we perform both type A and type B evaluation of uncertainties, and we adopt a significance level α = 0.05 (5%).
In the following, we propose a model able to predict the convective ther- 
while T r is modeled as the product of two functions:
In Eq. 9, T r R is the transmittance value at the reference Reynolds number, which is expected to depend on the model parameters λ p ,
. On the other hand, g accounts for thermal transmittance as we move away from the reference flow regime, and it is modeled as a function of
and Reynolds number ratio Re L /Re L,R .
The quantity T r R can be split into T r R = T r 0 R + ∆T r R , where T r 0 R is the transmittance of flat surface at the reference Reynolds number, while ∆T r R is the additional transmittance due to the presence of DPP on the heat sink.
Consequently, T r R can be modeled as:
In this form, V represents the amount of additional raw material needed to manufacture the protruded pattern, while the parameter
represents the enhancement in thermal transmittance of the device achieved per unit volume.
∆T r R V is modeled by a second order polynomial function as:
where the superscript indicates the normalized model parameters, obtained as: The function g = T r T r R is modeled as:
is computed as:
From the tested samples, ten experimental values of B are available for data regression. Considering a least mean squares fitting procedure, results are best fitted by:
where the fitting parameters 9 ), discussed in Section 5.1. Those insights on micro patterned surfaces are novel, to our knowledge. As a conclusion, the proposed model is a very effective tool for a fast design of micro-patterned heat sinks. To the best of our knowledge, a similar tool was never been proposed in literature so far. Finally, we define some quantities useful to discuss the presented results.
Firstly, we introduce dimensionless fin parameter ml, where l is the protru-sion height H defined in Table 3 , and m is defined as [32] :
where λ Cu = 388 W/m/K is the thermal conductivity of copper. Secondly, we introduce the aerothermal efficiency η A , defined as [33] :
where N u 0 L and f 0 are Nusselt number and friction factor referred to a ref-
erence condition (e.g. flat sample), respectively.
Results and optimization methodology
thermal fluid dynamics features of diamond micro-protruded patterns for heat sinks
In the following, the experimental results presented in Section 4 are interpreted, and the main thermal fluid dynamic features of diamond microprotruded patterns discussed.
Before proceeding further, it is worth of note that the fin efficiency plays negligible role in convective heat transfer of the considered diamond microprotruded patterns. In fact, here the temperature gradient along the protrusions length is very small. To prove this, for each protrusion we calculate ml by Eq. 16 considering h = h max = 200 W/m 2 /K, i.e. the maximum convective heat transfer coefficient experimentally measured. As a result, the fin efficiency is higher than 98 % in all the considered samples, hence its effect is negligible.
The parameter λ p plays a key role in controlling the condition of fluid stagnation and, consequently, the convective heat transfer coefficient. As shown in Fig. 6 , samples characterized by low λ p (i.e. #1, #2 and #3)
experience larger values of N u L /P r 0.33 than samples with higher λ p (i.e. #6, #7, #8 and #9). Focusing on sparse patterns (low λ p ) it can be noticed that H significantly influences N u L /P r 0.33 , which monotonically increases with H.
This is due to the fact that higher protrusions are able to penetrate deeper in the fluid boundary layer, hence they are flushed by stronger flow field (see Fig.   6 ). This phenomenon allows to achieve a huge increase in convective heat 
Optimization methodology of diamond micro-protruded patterns for heat sinks
In this section, an automatic methodology for thermal optimization of diamond micro-protruded patterns for heat sinks is presented. In addition, the algorithm is implemented and applied to a real case study and results are reported and discussed. We notice that optimization of heat transfer devices typically includes both thermal transmittances and pressure losses, hence optimization problems usually deal with efficiency parameters that consider both the afore-mentioned phenomena, e.g. η A defined by Eq. 17. In this work, we neglect the effects of protruded patterns on pressure losses, because this study is focused on applications where these effects are not significant (e.g. power electronics for control of HVAC system in cars). Nevertheless, we stress that the methodology presented in this work could be extended to a more general case, by simply substituting
(thermal performances per unit of production cost) with η A as the parameter to be maximized. In such a way, the proposed optimization methodology find the DPP configuration able to minimize the pressure drop due to the heat sink, and consequently to maximize the thermal transmittance per unit of operating costs.
As a real case study, the developed algorithm is used to perform thermal optimization of DPP heat sink, i.e. maximum transmittance per unit of production costs, for three different Reynolds numbers, namely Re L = 0.5 × by experiments. Fig. 11 summarizes results of that case study: on the abscissa is reported DPP volume V , namely the production cost index, while on the ordinate the maximum (hence optimal) thermal transmittance T r max achieved for the three Reynolds numbers under exam is shown. It can be noticed that the volume, and consequently the production cost of the device, increases by decreasing Re L (worst convective heat transfer).
In Table 7 Fig. 11 and Tab. 5, the optimal configuration found by the algorithm allows to achieve T r = 0.092 with the same amount of material, i.e. at fixed production costs. Therefore, this example shows that the presented thermal optimization procedure would allow to achieve a 110 % enhancement in the thermal transmittance of the best performing tested sample, while keeping production costs unchanged. 
Conclusions
Diamond shaped micro-protruded patterns to enhance convective heat transfer in electronic cooling applications are investigated in this work. Two main goals are achieved:
The effect of geometrical parameters and fluid dynamic scales on convective heat transfer phenomenon are illustrated. A novel methodology is developed for thermal optimization of diamond micro-protruded patterns for heat sinks. An automatic algorithm based on this methodology is implemented and tested. Provided the heat sink working conditions, an optimization procedure is suggested that calculates the optimal geometrical configuration ensuring the required thermal performances while maximizing the thermal transmittance per unit of production costs. Comparing a representative commercial micro-protrusion patterned heat sink with the optimal configuration determined by the algorithm, the second achieves an enhance in thermal performance per unit production cost up to 73% (refer to appendix B for details). This demonstrates that the proposed methodology may lead to significant improvement in heat transfer performances, while keeping unchanged the production costs.
Finally, it is worth of note that the proposed optimization methodology has rather a general validity, and can be extended to different microprotruded or micro-structured patterns, especially if manufactured by "not subtractive" techniques. Moreover, this methodology can be easily extended in order to deal with operational costs too (i.e. pressure drops induced by heat sink), by simply substituting η A to T r/V as objective function to be maximized.
We expect this work will pave the way to a methodological shift in designing effective heat sinks.
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Appendix A: Data regression procedure
In the following, the details of data regression presented in Section 4 are exposed. Being { ∆T r R V } the (9 × 1) column vector whose i-th component is the value of ∆T r R V of the i-th sample, we impose:
where [M ] is a (9 × 9) matrix and {C} is the (9 × 1) column vector of model constants defined in Section 4. Being {M i }, the i-th row of [M ], defined as: 
{M i } is a vector containing all the geometrical features of the i-th sam-
ple. Being [M ] and
∆T r R V known, a vector {C} containing the unknown constants of the model could be obtained as: Drawings and design parameters of this optimized heat sink can be found in 1st row of Tab. 7, and 3rd row of Tab. 4, respectively. Volume of optimal heat sink is V opt = 36.8 mm 3 , while the corresponding performance-to-cost ratio is T r opt /V opt = 8.42 10 −4 W/K/mm 3 .
In conclusion, optimization procedure based on the proposed model leads to enhance T r/V , i.e. thermal performance per unit production cost, up to 73%, with regard to the considered commercial heat sink.
